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1 .  Determination of the Optimal Charac t e r i s t i c  Values f o r  a Sol id-  
Fuel Propulsion System f o r  Put t ing  a So la r  Probe i n t o  O r b i t  

We present  here  a de t a i l ed  discussion of what o r b i t s  and power 
outputs could be achieved with various so l id - fue l  motors; i t  must be 
emphasized t h a t  w e  are deal ing here not merely with a simple so l id -  
f u e l  motor, but  with a f u l l y  equipped propulsion modulus with so l id -  
f ue 1 mot o r  ( ffFESTAMff) [ Fe s t s t of  f -An t r i e b  smodul - ; s o 1 i d- f ue 1 propuls i on 
modulus]. 

use from 1968 on, i s  assumed as the c a r r i e r  rocket .  The da ta  f o r  
t h i s  improved carr ier  are contained i n  the  study SoZar Probe (RF 77 - 
ST) ,  page 32. In  comparison t o  the  present  vers ion of  the  ATLAS- 
CENTAUR the  amount of f u e l  and the engine t h r u s t  of t he  ATLAS have 
been increased, while it has been possible  t o  r a i s e  the  s p e c i f i c  i m -  
pulse  of  the  RL-10 motor t o  443 sec. 

Cape Kennedy i s  thought o f  as the  launching p lace  f o r  t he  sub- 
sequent experiments, and the beginning of Ju ly  as  the launching time, 
s i n c e  i n  t h a t  case the  required hyperbolic excess ve loc i ty  is lowest. 
I t  amounts i n  t h a t  case t o  9353 m/sec f o r  an o r b i t  of 0.30 A.U. 

- - 

The ATLAS SLV-3X-CENTAUR, i n  the form i n  which it w i l l  be i n  
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Figure 1. General diagram of the  payload of t h e  ATLAS-CENTAUR rocket 
as a funct ion of t h e  design weight and the  s p e c i f i c  impulse of t h e  
so l id - fue l  propulsion modulus. 

The o the r  conditions were a l so  s o  chosen as t o  maximize the  payload. 

f u e l  moduli was chosen as follows: 
The range of va r i a t ion  f o r  t h e  c h a r a c t e r i s t i c  values of so l id -  

Spec i f ic  impulse ............. 285 t o  305 s e c  
Fuel weight 
Design f a c t o r  
(k = net  weight/fuel weight) 

................... 200 t o  2000 kg ................ 0.10 t o  0.40 

With these c h a r a c t e r i s t i c  values a s e r i e s  of  o r b i t  ca lcu la t ions  
were ca r r i ed  out ,  which have a l s o  been ana ly t i ca l ly  evaluated and sup- 
plemented. The r e s u l t s  a re  shown i n  Figure 1. 

The diagram shows t h a t  a so l id - fue l  s t age  (IIFESTAMII) under cer- 
t a i n  conditions could provide an adequate minimal payload of about 
150 kg f o r  an o r b i t  with a 0 .3  A.U. per ihe l ion .  

Table I and the  curves in te rpola ted  with these values i n  Figure 
2 serve  f o r  es t imat ion of t he  ac tua l  power output values of so l id - fue l  
motors. 

with e x t e r i o r  covering and "so l id- fue l  propulsion moduli" without ex- 
t e r i o r  covering but with complete guidance and cont ro l  systems. 

In  Figure 2 a d i s t i n c t i o n  is  made between "so l id- fue l  stages" 
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Table I .  Data f o r  Solid-Fuel Propulsion Systems and Complete Stages 

Fuel Weight Net Weight of Net Weight of 
Designation Propulsion System Stage 

BURNER I1 
Thiokgl TE 364.2 560 65 11.6 210 37.5 

SCOUT Fourth Stage 2 80 2 7  9.6 

(kgl (kg1 (%I (kg) (% 1 

FW- 4s XSR-5 7-UT- 1 

DIAMANT Third Stage 
Rub i s  641 70 10.9 

SCOUT Third Stage 
Antares I1 X-259-A5 1178 100 8.5 347 29.4 

DELTA Third Stage 
X-248-A5 20 7 27 13 

DIAMANP Second Stage 
Topaze 2260 6 70 29.6 

-- 
BUR I 

I 
--I I - -  

I 
---I I - 
-J -. ~ 

FUEL WEIGHT M0 

Figure 2. Design fac tors  of sol id-fuel  motors, propulsion moduli, and 
s t ages  . 
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The curves f o r  s t r u c t u r a l  weight o r  k - fac tor  a r e  based on t h e  
present  s t a t e  of the a r t ,  s o  t h a t  some older  s tages  (Topaze, Castor 11) 
l i e  above the  curve. 

FUEL WEIGHT (hob 

Figure 3. Payload as a funct ion of f u e l  weight and s p e c i f i c  impulse 
of the propulsion modulus. 

Figure 3 shows the  r e su l t i ng  payload f o r  a s o l a r  probe as  a 
Two e x i s t i n g  so l id -  funct ion of f u e l  weight and s p e c i f i c  impulse. 

f u e l  s tages  ("Rubis" and "Antares") a r e  a l s o  p l o t t e d  i n ,  as  wel l  as  
t h e  new propulsion modulus "BURNER 11." 
the  optimal f u e l  weight, it has the highest  power output.  
fue l  weight keeps the  t h r u s t  and consequently the  acce lera t ion  within 
con t r o  1 l ab  1 e bounds . 
I1 as a propulsion modulus, espec ia l ly  as t h i s  device i s  s a i d  t o  
show a r e l i a b i l i t y  of 96%. 
be necessary.)  

The poss ib le  payload range with BURNER I1 as propulsion modu- 
lus is shown i n  Figure 4.  
payload of 143 kg is  dxtremely scanty f o r  0 .3  A.U. (estimated weight 
of  s o l a r  probe without redundancy = 140 kg). I t  is therefore  proba- 
b l e  t h a t  only a per ihe l ion  of 0.31 A.U. can be a t t a ined  unless  t he  
f u e l  weight i s  increased o r  other  improvements ca r r i ed  out on the  car-  
r i e r  rocke t ,  

maximum, but t h i s  would require  r a i s ing  the  f u e l  weight t o  about 1000 

While t h i s  last has not  got 
The lower 

The idea  therefore  suggests i t s e l f  of concentrating on BURNER 

(This means t h a t  only one launching would 

With t h e  present  f u e l  weight of 560 kg the  

A p e r i h e l i a l  dis tance of 0.29 appears t o  be r ea l i zab le  as  a 
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Figure 4. Payload as a function of per ihe l ion  for ATLAS-CEmTAUR-BURmER 11. 

kg and would br ing  up a number of  technica l  problems. 
of t he  curves of Figure 4 intermediate values f o r  f u e l  weights between 
560 and 1000 kg may a l s o  be obtained. 

The BURNER I1 propulsion lpodulus is described i n  more d e t a i l  i n  
the  next  chapter ,  

By in t e rpo la t ion  

2. Descr ipt ion o f  the BURNER I 1  Stage 

2.2 Genera2 

propulsion t h a t  has been developed with complete guidance and cont ro l  
systems for  general  space- t ravel  purposes. 

USAF cont rac t .  
c a r r i e d  out  on 15 September 1966. 

r e l i a b i l i t y .  
and t h a t  was poss ib l e  only by the  use of  components a l ready e x i s t i n g  
and t e s t e d .  The diameter of BURNER I1 is 165 cm, the  he ight  173 cm, 
and the  t o t a l  weight 770 kg. 
weight, bu t  is  only estimated; the  p rec i se  f igu res  have not y e t  been 
r e  1 e as ed . 

BURNER I1 i s  the  first and so far the  only stage with so l id - fue l  

The development was done by the  f i r m  of Boeing i n  1965-66 under 
The first launching with a THOR rocket was successfu l ly  

In  BURNER I1 the  g r e a t e s t  value was placed on low cos t s  and high 
For example a r e l i a b i l i t y  of 96% had t o  be demonstrahed, 

The following t a b l e  gives a breakdown of 
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Weights, BURNER I1  (Estimated) 

M2 Elec t ron i c  Equipment kg 

M21 Reference platform with gyroscopic speed cont ro l  9 .5  

M22 Elec t ronic  guidance equipment 2.0 

M23 On-board cont ro l  system 5.0 

M24 Telemetry t r ansmi t t e r  2.5 

M25 Transponder 1 .o 
M26 Measurement da t a  processing 6.0 

M27 Decoder 4.0 

M28 Command rece iver  1.5 

M29 Antennas 2.0 
33; 5 
- 

M3 Command Destruction Sys tern 

M 3 1  Main b a t t e r y  5.0 

M32 Control switch f o r  i gn i t i on  and se l f -des t ruc t ion  3.0 

M33 Explosive charge 1.5 

M34 Bat tery f o r  se l f -des t ruc t ion  i n  the  Centaur 
9 .5  
- - 

M4 E l e c t r i c  Power System 

M 4 1  Battery (see M31) 

M42 Regulator 
M43 Transformer 

M44 Cable system 

Power supply 1.3 
Control cables 0.5 

Antennas 0.4 
Cable clamps 0.6 

Measuring devices 1 . 2  

M45 Plugs and couplings 

M46 Measurement transnutter 

M5 Guidance System 
M51 H202 

M52 N2 gas 

M53 Tanks 

M54 Valves 

M55 Tubes and hoses 

- 
0.5 

3.5 

4.0 

7.0 

10.0 
25.0 
- 

17.0 

1.5 

2.0 

6.5 

6.0 
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M56 Motors 10 kp 

M57 Motors 1 kp 

M6 Structure 
M61 Engine support 

M62 Payload support 

M63 Remaining s t r u c t u r e  

M64 Reinforcements 

kg 
5 .O 

1.5 
39.5 
- 

9.0 

4.0 

14.0 

9.0 

1.5 

37.5 

M65 Framing b o l t s  + springing system - 

M7 Engine 
M7J Chamber with nozzle 65.0 

Net Weight 
Weight o f  Fuel 
To tal Weight 

210.0 kg 

560.0 kg 

770.0 kg 

2.2 Engine 

developed f o r  t he  SURVEYOR pro jec t .  I t  has a s p e c i f i c  impulse of 306 
sec, the  highest  of a l l  so l id - fue l  engines ready f o r  production. The 
per iod of combustion i s  43 seconds, t h e  t h r u s t  4000 kp on the  average 
(5000 kp maximum). 

of t h e  engine chamber i s  94 cm; the nozzle is  sunken and has an expan- 
s ion  r a t i o  of 53:l .  
(sunken) 74-cm nozzle.  

admixture of  aluminum (PBAA) and ammonium perchlora te .  

The s t age  uses t h e  spher ica l  Tniokol so l id - fue l  engine TE-364.2, 

The weight is 625 kg, including 560 kg of  f u e l .  The diameter 

The engine has a length of 133 cm including t h e  

The f u e l  used cons is t s  of polybutadiene ac ry l  n i t r i d e  with an 

2.3  Control and Guidcmce 

and cons i s t s  of a system t h a t  w a s  developed by the  firm of Kidde f o r  
t h e  SCOUT t h i r d  s tage .  
a l  system with 8 ni t rogen  gas nozkles provides f o r  twist s t a b i l i z a t i o n  
and f i n e  pos i t i ona l  regulat ion.  

( a l so  from the  SCOUT program). 

between 0 and 2621.4 seconds a t  0.01 second i n t e r v a l s .  

The guidance system works with H202 (hydrogen peroxide) motors 

The motors have 10 kp t h r u s t  each. An addi t ion-  

The i n e r t i a l  reference system i s  made by the  firm of Honeywell 

The programming device al lows f o r  28 s igna l s  with any timing 
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Figure 5 .  Equipment and s t r u c t u r e  o f  BURNER 11. 

2.4 Equipment 

the  MINUTEMAN system. 

cluding prepara t ions  f o r  launching) . 

The te lemetry system has 53 channels and is a modification of  

The checkout system was developed by Boeing ( cos t ,  $150,000 in-  

I t  cos ts  $32,370 p e r  i n s t a l l a t i o n .  

2.5 Other Data 

by the  USAF, and o the r  orders  are i n  prospect .  
each. 

15 months. 
o r b i t  which l i e s  between those of SCOUT and THOR-AGENA. 

The BURNER I1 i s  being produced i n  s e r i e s ;  e igh t  have been ordered 
The p r i c e  i s  $440,000 

The cos t  of development ran $6,500,000, the  per iod  of development 
With BURNER I1 the  THOR rocket  can pu t  payloads i n t o  a low 

Studies  have already been done of  t he  use of BURNER I1 with ATLAS- 
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AGENA, ATLAS-CENTAUR, TITAN, and SATURN. (The payload of TITAN I11 C 
f o r  a 24-hour o r b i t  could f o r  example be r a i s e d  by BURNER I1 from 950 
kg t o  1340 kg.) 

3 .  Sketch o f  a So la r  Probe f o r  Use w i t h  BURNER I1 

the  probe. 
r e l a t i v e l y  high combustion-cutoff acce lera t ion  must be taken i n t o  ac- 
count. 

ure  6 .  
i n s t a l l a t i o n  condi t ions were a l s o  taken i n t o  account,  
s i b l e  t o  provide some t echn ica l  improvements. 

The probe is completely regulated as t o  p o s i t i o n ,  only an accu- 
racy of  1 t o  2 O  with reference t o  the  main axis, which is  d i r ec t ed  to-  
ward t h e  sun, being required.  

a f t e r  comparison of a l l  poss ib le  so lu t ions .  Pos i t i ona l  s t a b i l i z a t i o n  
with o r i e n t a t i o n  toward the  sun i s  optimal f o r  t h r e e  of t h e  f i v e  experi-  
ments (magnetic f i e l d ,  zodiacal l i g h t ,  and meteoroid experiments); i n  
the  o the r  two experiments explorat ion i n  the  plane of the  e c l i p t i c  would 
be most favorable.  This can be achieved by s e t t i n g  the  equipment f o r  
each of t he  experiments on a r o t a t i n g  t a b l e  whose axis is perpendicular  
t o  t h e  ecliptic. In  th i s  case the speed of r o t a t i o n  can a l s o  be op t i -  
mally adjusted (Figure 7 ) .  

a22 t h e  experiments -- b e t t e r  than i n  any s p i n - s t a b i l i z e d  probe. 
l a t te r  has e s s e n t i a l  shortcomings in  t h i s  case with respec t  t o  tempera- 
t u r e  regula t ion ,  power supply, and da ta  t ransmission.  These t echn ica l  
shortcomings lead t o  h igher  weight and g r e a t e r  development cos ts .  

The nature  of t he  propulsion modulus inf luences  t h e  design of 
When BURNER I1 i s  used the type of i n s t a l l a t i o n  and the  

Both f ac to r s  were considered i n  t h e  concept i l l u s t r a t e d  i n  Fig- 
Expanded demands of t he  experimenters with regard t o  weight and 

I t  was a l s o  pos- 

This so lu t ion  w a s  found t o  be optimal as regards weight and cost 

This so lu t ion  then gives i d e a l  conditions of i n s t a l l a t i o n  f o r  
The 

Table 11.  Weight Balance f o r  a Solar  Probe with 22.5 kg of 
Sc ien t  i f  i c  Instruments 

1 .  
1.1 

1.2  

1.3 

1.4 

1.5 

2. 

2 . 1  

Measuring Instruments 
Plasma mass spectrometer 

Magnetometer (F'cirster probe) 

Cosmic ray  de tec to r  

Zodiacal l i g h t  spectrometer 

Meteoroid de t ec to r  

Data Processing and Storage 
(1.3 l o 6  b i t s  pe r  24 hours) 

Analog/digi ta l  t ransducer  

Weight (kg) Capacity (watts) 

10.0 5 .O 
3.5 5 .O 
4.0 2 .o 
4.0 2.0 

1.0 2.0 

22.5 16.0 

0.8 0.3 
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Weight (kg) Capacity (watts) 

2 . 2  D ig i t a l -d i f f e ren t i a l  analyzer  2.7 1.0 

2.3 Encoder 1.0 0.5 
2.4 Tape s torage u n i t  (time s torage;  

2.5 Cell  s torage f o r  experiments 1 + 3 

2.6 Address generator 0.5 0.4 

2 . 7  Command decoder 1 . 2  0.4 

1 .5  l o 6  b i t s )  1 .8  2.1 

(1.36 l o 5  b i t s )  2.8 10.0 

2.8 Sequencer 2.5 2 .o 
2.9 Computer 2.0 1.5 

15.3 18.2 

3. 

3.1 Modulator 0 .3  0 .8  

3 . 2  Transmitter (15 w 2295 Mhz) 0.5 0 .7  

3.3 Power amplifier 7.5 37.5 

3.4 Synchro-generator and 
time-si gnal t r ansmi t t e r  0.5 0.5 

3.5 Command rece iver  0.8 1.0 

Data Transmission and Command Reception 
(3.5 hours da i ly  100 b i t s / s ec )  

3.6 

3.7 

3.8 

3.9 

4. 
4 .1  

4.2 

4.3 

4.4 

4.5 

Non - d i  r ec t i  onal antenna 

Direct ional  antenna (15 db gain) 

Diplexer and Coaxial c i r c u i t  -breaker 

Earth sensor  ( f o r  antenna) 

Gui dance 
Sun sensor  (coarse + f ine )  

Canopus sensor  

Elec t ronic  guidance in s tpmen t s  

Guidance gas 

Gas tank 

0.5 

4.0 

1 .5  

2.8 

18.4 i, 

0.6 

2 .2  

3.0 

1.0 

4.0 

0.5 

6.5 
47.5 '. 

1.5  

2.5 

4.0 

4.6 Pressure and temperature 
s i gn a1 t ransmi t te r  0.2 - 

4.7 Valves, pressure reducer,  f i l t e rs  1 .9  - 

4.8 Gas nozzles (12) 0.9 - 
4.9 Tubes and hoses 
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Weight (kg)  Capacity (wat ts)  
5. 
5 .1  Solar  cel l  sur face  9 . 3  - 
5.2 Propulsion mechanism 6.0 - 

Power Supply and On-Board Electronic Equipment 

5 . 3  Capacity r egu la t e r  1.0 2.0 

5.4 Voltage transformer 2.5 10.0 

5.5 Buffer and a u x i l i a r y  b a t t e r y  1.5 - 
5.6 Voltage transformer 25w/500v 2.5 2.5 

5 .7  Measurement t r ansmi t t e r  

6. Structure 
6 . 1  Plugs and Cables 

6.2 Base p l a t e  

6 .3  Cylinder 

6 . 4  Cone 

6.5 S a i l  ( so l a r  c e l l  surface)  

6.6 Heat s h i e l d  

and rein$orcements 

TOTALS 
including 10% s a f e t y  margin 
but  without redundancy 

4.5 1.0 

2 7 . 3  15.5 

7.0 

7.7 

4.6 

7.0 

8.5 

3.0 
37.8 

149.0 kg 115.7 watts 

A weight balance-sheet i s  presented i n  Table 1 1 ,  but  it was no t  
poss ib l e  t o  take  reduncancy i n t o  account. This last  has t o  do with t h e  
r e l i a b i l i t y  of  components , t h e  usefu l  l i f e  a t t a i n e d ,  and t h e  p robab i l i t y  
of  successfu l  accomplishment of t h e  mission (which i s  t o  be est imated 
a t  a t  l e a s t  80%). 

The weight of t he  s o l a r  probe w i l l  be somewhat higher  than the  
t o t a l s  shown f o r  t hese  reasons.  
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Tab l e  111. The Five Proposed Experiments f o r  the  So la r  Probe 
(DKfW Probe Committee "Solar Probe") 

Minimal Flow 

t i o n  

We i gh t C ap a - 
c i t y  Subject  Measuring of Informa- 

Ins  t rume n t 
(kg) (watts) (bits/sec) 

P LASMA Mass 

[Max Planck I n s t i -  
t u t ]  , Garching) 

MAGNETIC FIELD F6r s t e r  3.5 5 1 .7  
(N eub auer/Dr . S i e - Probe 
mann, I n s t i t u t  fiir 
Geophysik, Brunswick) 

(Dr. Pinkau, MPI Spectrometer 10 5 10 

2 

COSMIC RADIATION Semiconductors, 4.0 2 1 
3 (Dr. Wibberenz, I n s t .  Cherenkov Tele- 

f a r  Kernphysik, Kiel)  scope 

ZODIACAL LIGHT Two- Co lor  4 2 0.1 
(Prof. Elskser, Spectrometer 
L andes s t e rnwart e, 
Heidelberg 

4 

MI CROMETEOROI DS Meteoroid 1 2 0 . 4  

MPI, Heidelberg) 
5 (Prof.Dr. S i t t e ,  Counter 

22.5 kg 16 watts 13 .2  b i t s / s  

4. Broadened Mission Profiles 
4.1 Venus Swing-By 

In  view of t h e  f a c t  t h a t  an approach t o  the sun within 0 .3  A.U. 
can hardly be achieved with t h e  so l id - fue l  modulus BURNER 11, the  pos- 
s i b i l i t y  of t h e  Venqs swing-by should be re-examined. 
pe r ihe l ion  d is tances  of 0.25 A.U. and l e s s  can be achieved, and a pos- 
s i b l e  launching time would be 10 June 1972. 

In  t h a t  case 

4.2 Secondmy Mis86on Mercury Approach 

another  p o s s i b i l i t y  of heightening t h e  s c i e n t i f i c  value of t he  mission 
and s o  r a i s i n g  t h e  e f f i c i ency  of  t h e  investment: 
Mercury a f t e r  s a t i s f y i n g  t h e  p r inc ipa l  tasks of t he  probe. 
turbance of t he  o r b i t  by Mercury t o  be observed would permit an improve- 
ment on t h e  present  value f o r  the mass of Mercury without t h i s  mission 
p r o f i l e ' s  requi r ing  g rea t  addi t iona l  expenditure.  

If we a r e  w i l l i n g  t o  dispense with a Venus swing-by, t he re  i s  

a d i s t a n t  f l i g h t  pas t  
The d i s -  
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. . . .  
n ,  . 

4.3 Long-Term Program 
I t  would be des i rab le  not  t o  consider only a s i n g l e  s o l a r -  

probe mission, but  t o  provide from the beginning a program of a t  least  
two probes which would be launched a t  an i n t e r v a l  of some years .  
t h a t  case we could content ourselves a t  first with a smaller  probe, 
which i s  designed f o r  only a per ihel ion dis tance of 0.3 A.U. (put i n t o  
o r b i t  with ATLAS-CENTAUR-BURNER 11) .  A second mission could then f o l -  
low la te r ,  i n  which with f u l l e r  instrumentation and a Venus swing-by 
an approach t o  within about 0.22 A.U. of  t h e  sun would be achieved 
(put i n t o  o r b i t  with ATLAS-CENTAUR + high-power propulsion modulus 
HetAM) . (hochenergetisches - -  - - Antriebsmodul) - . 

I n  
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Figure 6 .  Solar Probe 
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